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The exotic nucleus 11Be has been extensively studied and much experimental information is available on
the structure of this system. Treating, within the framework of empirically renormalised nuclear field theory
(NFT )ren in both configuration and 3D-space, the mixing of bound and continuum single-particle (sp) states
through the coupling to collective particle-hole (p,h) and pairing vibrations of the 10Be core, as well as Pauli
principle acting not only between the particles explictely considered and those participating in the collective
states, but also between fermions involved in two-phonon virtual states it is possible, for the first time, to
simultaneously and quantitatively account for the energies of the 1/2+, 1/2− low-lying states, the centroid and
line shape of the 5/2+ resonance, the one-nucleon stripping and pickup absolute differential cross sections
involving 11Be as either target or residual nucleus, and the dipole transitions connecting the 1/2+ and 1/2−
parity inverted levels as well as the charge radius, thus providing a unified and exhaustive characterisation of the
many-body effects which are at the basis of this paradigmatic one-neutron halo system.
PACS numbers: 21.60.Jz, 23.40.-s, 26.30.-k
At the basis of nuclear structure, one finds the unification
(A. Bohr and Mottelson ) of the shell model (Mayer and
Jensen) and the collective model (N. Bohr and Wheeler). One
nucleon moving outside closed shell constitutes a unique lab-
oratory to test the validity of the above picture in systems
which are at the limit of stability of neutron or proton excess,
drip lines being charted with inverse kinematics techniques in-
volving rare isotope beams [1]. The neutron drip line nucleus
11
4 Be7 provides a rare and precious window into the virtual
processes clothing neutrons which, through a rather conspic-
uous Lamb-shift-like effect, of the order of 10% of the value
of the Fermi energy, invert parity, thus allowing for the emer-
gence of a new magic number diverse from that of Meyer-
Jensen and extending, in the process, the limits of stability of
nuclear species.
Information about the nucleus 11Be is available regarding
the 1/2+, 1/2− and 5/2+ low-lying levels, including the line
shape of the 5/2+ resonance, in particular from inelastic and
transfer reactions [2–7] (Fig. 1(exp)). Analyses of these re-
actions have been reported in [8–13]. Information concern-
ing the charge radius [14] and the dipole transition between
the ground state and the first excited state [15] is also avail-
able. Theoretical work on the structure of 11Be has been car-
ried out, starting from parity inversion between the 1/2+ and
the 1/2- levels, within the shell model [16], while results of
studies based on the coupling of particles to vibrations and
rotations are found in refs. [17]-[20] and [13, 21, 22] respec-
tively. A static description of 11Be based on a deformed mean
field was presented in [23]. Results of investigations within
the framework of antisymmetrized molecular dynamics were
reported in [24]. The outcomes of ab initio approaches are
found in [25]. Results of calculations of charge radii based on
fermionic molecular dynamics have been reported in ref. [26].
In this letter we are able to achieve a unified and accurate
description of both structure and reaction aspects of 11Be. To
do so, one has to deal simultaneously with the p3/2, p1/2, s1/2
and d5/2 states, treating their interweaving with quadrupole
and octupole (p,h) vibrations and monopole pair vibrations
on equal footing, as well as to take into account the mix-
ing between bound and continuum states. Furthermore, one
has to consider the Pauli principle acting between the parti-
cle explicitly considered and those participating in the vibra-
tions as well as between those participating in two-phonon
states. Because of spatial quantization, the above requirement
involves both energies and single-particle radial wave func-
tions, in particular that of the d5/2 resonance. The variety of
many-body clothing processes lead to important modifications
of these radial wave functions, and thus of the correspond-
ing one-particle transfer form factors and escape particle wave
functions, accounting for up to 50% changes in the value of
the one-nucleon transfer absolute cross sections and of the
5/2+ resonance decay width, in overall agreement with ex-
perimental data. It will be furthermore demonstrated that cru-
cial information concerning the nature of the 5/2+ resonance
and the role of the quadrupole mode in dressing the nucleons
moving around the Fermi surface is provided by the reactions
10Be(d,p)11Be(5/2+, 1.833 MeV) and 11Be(p,d)10Be(2+; 3.33
MeV) which forces, in this last case, a virtual state, to become
observable. A fact that aside from shedding light on retarda-
tion in clothing processes, implies that particle-vibration cou-
pled intermediate states which cloth the single-particle states
have to be real, empirical states concerning both energy and
amplitude, as well as radial shape. Thus, (NFT )ren is not a
calculational ansatz but a quantal requirement. Within this
context, it is of notice that self consistency within (NFT)ren
implies that the final results ˜(i)j and φ˜ j(r)
(i) reproduce the
empirical input used for the intermediate states, while initial
states (energies and wave functions) of the variety of graphi-
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FIG. 1. (Upper box) Wavefunctions associated with the renormalised single-particle levels labeled NFT in Fig. 1. (Lower Box) NFT diagrams
describing the processes responsible for the variety of components of the clothed states. Single-arrowed lines pointing up (down) describe
particle (hole) states, while wavy lines represent collective particle-hole (ph)vibrational states.Double arrowed lines pointing down describe
the correlated (hh) pair removal vibrational states. The dashed horizontal line describes the two-body multipole, separable interaction. In
calculating the intermediate states of the diagrams displayed in I-III the experimental and/or renormalised fermions bosons modes have been
used (empirical renormalisation). This is the reason why they are displayed in terms of bold face lines and curves. The diagrams shown in IV
take care of the Pauli principle violation of the two phonon states appearing in these intermediate states. The label (ba.) in (I) stands for bare.
cal contributions are solutions of the bare potential. In other
words, for each value of ˜ j there can exist more than one radial
function, depending on whether the nucleon is moving around
the ground state ( i = gs) or around an excited state of the
core (i = coll) respectively. Technically, φ˜ j(r)(i) are the form
factors associated with stripping and pickup reactions around
closed shells. For simplicity we will drop the superscript i in
what follows.
Making use of this theoretical framework ([27] and refs.
therein, see also [28, 29]) we have calculated the variety of self
energy diagrams, renormalizing selfconsistently the motion of
the odd neutron of 11Be in both configuration- (Fig. 1) and
conformation 3D-space (Fig. 2). The energies ˜ j of the associ-
ated renormalised single-particle states (drawn with bold face
arrowed lines in Fig. 1) are shown in Fig. 3 (NFT) in com-
parison with the data (exp.), while the corresponding wave
functions φ˜ j(r) are displayed in Fig. 2 in comparison with
those corresponding to the separation energy approximation
obtained by adjusting the depth of a standard Saxon-Woods
potential ([36], Eq. (2-180)) so as to reproduce the separation
energy of each state in question making use of an effective
mass equal to the free nucleon mass. The quadrupole- and oc-
tupole - as well as monopole pair removal - vibrational modes
of the core 10Be (Fig. 3 inset) and associated particle vibration
coupling (PVC) vertices were worked out in QRPA (βn2 =0.9
and βn3 = 0.28) and in RPA respectively with the help of sep-
arable interactions of self consistent strength. They are drawn
in Fig. 1 in terms of bold face wavy curves (quadrupole and
octupole) and arrowed double lines (pair mode). We remark
that the error in the self-energy associated with overcount-
ing (bubble correction) in the sum over intermediate particle-
phonon configurations, amounts to at most to a few percent
effect in the present case (Suppl. Mat., Section 3) .
The bare states (thin arrowed lines in Fig.1) were deter-
mined as solutions of a mean field potential of radial depen-
dent k−mass. This field was parameterized as a Saxon-Woods
potential with a spatially dependent effective mass of value
mk(0) = 0.7m at the center of the nucleus and µ = 0.91m (re-
duced mass value) far from it. The parameters were varied
starting from values reproducing the shape of the mean field
obtained with the SGII Skyrme interaction (Table 1; see also
Suppl. Mat, Section 1). The resulting bare energies  j and
wave functions φ j are shown in Figs. 3 (bare) and 2 respec-
tively.
The clothed states associated with a given quantum number
result from the iterative diagonalization of the PVC Hamilto-
nian in a space composed of single-particle and of particle-
phonon states, making use of self-energy function techniques
(Fig. 1(I), see also Suppl. Mat., Section 2). We included in
the calculation the s1/2, p1/2 and d5/2 single-particle states up
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FIG. 2. The form factors of the 1˜/2+(a), 1˜/2−(b), 5˜/2+(c) states and (d) the form factor associated with the reaction 11Be(p,d)10Be(2+)
calculated within the framework of NFT and empirical normalisation in a box of radius Rbox = 30 fm, divided by the associated amplitudes
(a1˜/2+ =
√
0.83, a1˜/2− =
√
0.81, a5˜/2+ =
√
0.34, a(d5/2⊗2+)1/2+ =
√
0.17, see Fig. 1, upper box) are compared to the corresponding separation
energy approximation wavefunctions and to the wave functions calculated with the bare potential parameterized as reported in Table I.
to an energy Ecut = 25 MeV, imposing vanishing boundary
conditions at R = 30 fm (continuum discretization), leading
to matrices of typical dimension N ≈ 300. The lowest p3/2
state was also included. The diagonalization process is equiv-
alent to the solution of a system of coupled integro-differential
equations (see [35] and Suppl. mat., Section 7). The inter-
ference between the amplitudes of the various single-particle
states determines the radial dependence of the single-particle
component of the eigenstates, in particular in the surface re-
gion (Fig. 2).
The most conspicuous effect emerging from these NFT re-
sults is the (absolute value) reduction of the energy difference
between positive and negative parity states (Fig. 3): a factor
of ten in the case of 1/2−, 1/2+ states (from 1/2+−1/2− = +3.2
MeV (bare) to ˜1/2+ − ˜1/2− = -0.3 MeV (NFT)) and of six in
the case of 5/2+, 1/2− states ( from 5/2+ − 1/2− = +9.5 MeV
(bare) to ˜5/2+− ˜1/2− = + 1.5 MeV (NFT)). While parity inver-
sion is only observed in the first case, the second had a close
call, playing an essential role in the mechanism which is at the
basis of (1/2+, 1/2−) parity inversion (1/2+ self energy polar-
isation (PO) and 1/2− correlation (CO) processes [31] arising
from Pauli principle of the odd neutron and ZPF of the core
ground (vacuum) state). It is an open question whether parity
inversion between 1/2− and 5/2+ states can ever be observed
in nuclei.
As testified by the components of the clothed states dis-
played in Fig. 1 (upper box), the physics at the basis of
the results reported above is mainly related to the coupling
of single-particle to dynamical, ω−dependent, quadrupole de-
formation, conspicuously modified by Pauli principle correc-
tions. Let us start with the 5/2+ resonance. This state is
prone to acquire a dynamical quadrupole moment (reorien-
tation effect, see Fig. 1 inset (C)). This is because the particle-
vibration coupling of the d5/2+ with itself through the excita-
tion of the quadrupole vibration of 10Be, involving a rather
confined single-particle resonant state radial wave function
(Fig. 2 (c)) ,results in a large value of < φ˜5/2+ |R0dU/dr|φ˜5/2+ >
and thus in a large non spin-flip PVC matrix element
(< 5/2+ ⊗ 2+)5/2+ |Hc|d5/2 >≈ -4.6 MeV) leading to an am-
plitude of
√
0.34 for the many-body state |(d5/2 ⊗ 2+)5/2+ >
(Fig. 1 , upper box, Eq.(4)). An equally important component
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FIG. 3. Low-lying spectrum of 11Be: (bare) unperturbed single-
particle levels, solution of the bare mean field; (NFT) renormalised
levels; (Exp.) experimental values. The number on each thick hori-
zontal line is the energy of the state in MeV. The number in brack-
ets correspond to the width of the 5/2+ resonance derived from
the calculated elastic phase shifts. No phase shift data exist for
this state, the 100 keV width often quoted being extracted from the
9Be(t,p)11Be(5/2+) reaction ([30], Table 11.5). The line shape of the
5/2+ resonance is displayed in the upper rhs corner in comparison
with the data. In the lower right corner inset, the collective modes
employed in the clothing of the bare single-particle states (first col-
umn) are shown. The label 0(−) indicates the correlated two-hole
state, monopole (Jpi = 0+) pair removal mode.
(≈ √0.34) is associated with the coupling of the 5/2+ state to
the s1/2 state, again through the quadrupole mode. This cou-
pling allows the bare d5/2 resonance (5/2+ ≈ 6.5 MeV, Fig.
3), to explore halo-like regions of the system and to lower its
kinetic energy. Together with the effects of the couplings dis-
cussed above and the repulsive one associated with the cou-
pling to the pair removal mode, it results in an overall energy
decrease of the 5/2+ strength and in the buildup of a narrow
(Fig. 3 inset line shape) resonance with centroid at E = 1.23
4MeV and a width of 160 keV calculated from elastic scat-
tering phase shifts (Suppl. Mat., Sect. 2). In turn, the 2s1/2
wave function mixes with the (d5/2⊗2+) configuration and ac-
quires a component of sizable amplitude (≈ √0.17) lowering,
in the process, its energy by about 750 keV (Fig. 1 (I)(a)), the
repulsion due to Pauli principle and arising from the mixing
with the (s1/2 ⊗ 0(−)) configuration being rather modest (Fig.
1 (I(b))). In other words, the 5/2+ state plays, through its cou-
pling to the 2+ vibration of the core, an essential role in the
(1/2−, 1/2+) parity inversion phenomenon.
The zero-point fluctuations (ZPF) associated with the 10Be
core, both those arising form the quadrupole vibrations as well
as from the monopole pair removal mode (boxed inset (B) of
Fig. 1 ) make virtual use of the p1/2 single-particle state. The
first and third NFT diagrams displayed in Fig. 1 (II) prop-
erly treat the problem of the identity of the particles appearing
explicitly and the particles participating in the collective mo-
tion. As a result, the phase space of the clothed 1p1/2 state be-
comes smaller than the bare one, its binding becoming weaker
by about 3 MeV due to the Lamb-shift-like process shown in
Fig. 1 (II)(a) and by 360 keV due to that displayed in Fig.
1(II)(c), the contribution of the second graph (Fig. 1 (II)(b))
being attractive. The numbers quoted above contain, among
other things, the renormalisation contribution of the Pauli cor-
recting diagrams shown in Fig. 1 (inset(IV) right hand side)
and associated with the implicit presence of two-phonon states
in intermediate, virtual configurations, drawn in bold face.
The radial dependence of the many-body wavefunctions
and the phonon admixture can be probed by the one-neutron
transfer reactions 10Be(d,p)11Be and 11Be(p,d)10Be(2+), pop-
ulating the low-lying 1/2+, 1/2− and 5/2+ states of 11Be and
the first excited 2+ state of 10Be, and proceeding through the
form factors displayed in Figs. 2(a)-(c) and Fig. 2(d) respec-
tively. Concerning the latter, we remark that the asymptotic
decay constant of the d5/2 radial wave function associated with
the 2+ ⊗ d5/2 configuration admixed in the 1/2+ ground state
of 11Be displays a binding energy ˜1/2+ − ~ω2+ = -3.8 MeV.
It is a natural outcome of (NFT)ren to give rise, through PVC
and Pauli mechanism, to the proper clothing of the d5/2 or-
bital so as to be able ”to exist” inside the |s˜1/2 > state as a
virtual, intermediate configuration (Fig. 1(I)(a) and IV(a) and
(b)). The associated asymptotic r−behaviour results from the
coherent superposition of many continuum states, and its spa-
tial dependence in the surface region (Fig. 2 (d)) can hardly
be simulated by making use of a bound single-particle wave-
function of a properly parameterized single-particle potential
(separation energy approximation), in agreement with the re-
sult of previous studies [4].
The (NFT)ren form factors shown in Fig. 2 were used, to-
gether with global optical potentials [32, 33], to calculate the
one-nucleon stripping and pickup absolute differential cross
sections of the reactions mentioned above. The results pro-
vide an overall account of the experimental findings (Fig. 4).
Within this context we remark that the pickup process shown
in inset (A1) of Fig. 1 and populating 10Be ground state im-
plies the action of the external (p,d) field on the left hand side
(lhs) of the graphical representation of Dyson equation shown
in Fig, 1(I), and involves, at the same time, the use of the cor-
responding radial wavefunction as formfactor (Fig. 2(a)). In
the case of the population of the first 2+ excited state of 10Be
(inset A2), the (p,d) field acts on the (d5/2⊗2+)1/2+ virtual state
of the second graph of the right hand side (rhs) of this equa-
tion (Fig. 1(I)(a)), involving this time the form factor shown
in Fig. 2(d). Summing up, insets (A1) and (A2) and diagrams
(I) of Fig. 1 testify to the subtle effects resulting from the
unification of (NFT)ren of structure and reactions discussed in
[27], and operative in the cross sections shown in Fig. 4, as
a result of the simultaneous and self consistent treatment of
configuration and 3D-space. Within this context the bold face
drawn state |d5/2⊗2+)1/2+ > shown in Fig. 1(I)(a) and the wave
function displayed in Fig. 2(d) can be viewed as on par struc-
ture and reaction intermediate elements of the quantal process
11Be(1/2+)(p,d) 10Be(2+).
Particle-vibration coupling leads to important renormaliza-
tion effects in the radius and in the dipole electromagnetic
transitions of the system, the two phenomena being closely
related. This is due to the poor overlap between the resulting
renormalised halo radial wave functions and those of the core
nucleons which screen the symmetry potential, impeding the
GDR to shift the 1/2+ → 1/2− single-particle E1-strength to
high energies in the attempt to exhaust the EWSR [23, 27, 34]
.
The strength of the dipole transition connecting the ground
and the first excited states was calculated and compared to the
experimental value B(E1) = 0.102± 0.002 e2 fm2. Estimates
carried out using single-particle wavefunctions correspond-
ing to the separation energy approximation and normalised to
one, give B(E1; Ii → I f ) = e
2
e f f
2pi
|<I f ||iM(E1)||I1>|2
2I1+1
= 0.29e2fm2,
with ee f f = 4/11. Including the renormalizations associated
with the phonon admixture of the 1/2+ and 1/2− state leads
to B(E1; 1/2− → 1/2+) = 0.11 e2 fm2, that is to a reduction
of over a factor of 2 bringing theory in overall agreement with
the data (cf. Suppl. Mat., Section 5).
V (MeV) Vls (MeV) a (fm) R (fm)
70 14 0.81 2.10
TABLE I. Optimal values of the depth, radius, diffuseness and spin-
orbit strength of the bare mean field potential V ,Vls,a,R (see [36] Eq.
(2-180)).
Let us now discuss the isotopic shift of the charge radius
(Suppl. Mat., Section 6). The corrections to the charge
mean square radius < r2 >10Be arising from the addition of
a neutron are obtained applying the external field operator
r2 to the different particle and collective vibration lines and
curves of the diagrams appearing in the rhs of the graphical
equation displayed in Fig. 1(I). The summed (recoil) con-
tributions associated with the s1/2 state (graphs (b) and (a))(
< r2 >1/21/2+ /11
)2
(< r2 >1/21/2+ = 7fm) is to be multiplied by the
square of the renormalised ˜|1/2+ > state single-particle ampli-
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FIG. 4. (a-c) (continuous curve) Absolute differential and summed cross sections associated with the reactions 10Be(d,p)11Be, populating the
1/2+, 1/2−, and 5/2+ states (Ed = 21 MeV). The experimental data [7] are displayed in terms of solid dots. (d) Same as before, but for the
reaction 11Be(p,d)10Be, populating the 2+ state (Ep = 35.3 MeV/n) [4].
tude (=0.83, Fig. 1(1), upper box). Those associated with the
d5/2 and 2+ elementary modes appearing in the intermediate
state of graph (a) of Fig. 1(I) lead to (recoil) ( < r2 >1/25/2+ /11)
2
and (dynamical deformation) (< r2 >+5/2 β
2
2/2pi) contributions
respectively, and are to be multiplied by the square amplitude
(=0.17) associated with the (d5/2 ⊗ 2+)1/2+ configuration (Fig.
1, upper box). Contributions arising from graph (b) of Fig.
1(I) are not considered in keeping with their small relative val-
ues. The resulting theoretical prediction < r2 >1/211Be = 2.48 fm,
accurately reproduces the experimental finding 2.44 ± 0.06
fm.
We conclude that a consistent fraction of the clothed one-
neutron halo valence single-particle states |˜ j > of 11Be, as
much as 60% in the case of the |5˜/2+ > state, corresponds
to many-body configurations resulting from Pauli principle
and particle-vibration coupling effects. These components,
which modify both the single-particle content and the radial
dependence of the associated wave functions, play a central
role in providing an overall quantitative account of an essen-
tially ”complete” set of data characterising the structure of
11Be. The existence of a bare potential, empirically deter-
mined (minimisation procedure) as an appropriate basis for
nuclear many-body studies, can be considered as a benchmark
of mean field theories.
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6SUPPLEMENTARY MATERIAL
The mean field
The bare mean field is taken to be a Saxon-Woods potential
containing a central and a spin-orbit term as in [1] (see Eq.
(2-180)) :
U(r) = VWS f (r) + Vls(~l · ~s)r20
d f (r)
dr
, (1)
with
f (r) =
[
1 + exp
(
r − RWS
aWS
)]−1
. (2)
The k−mass has been parameterised according to,
mk(r) = µred −Cm
[
1 + exp
(
r − Rm
am
)]−1
, (3)
with am = 0.5 fm, Rm = 2.34 fm. Far from the nucleus, the
effective mass becomes equal to the reduced mass, µred =
10/11 = 0.91.
The parameters of the central potential, as well as the de-
formation parameters β2 and β3 have been varied so that the
solution of the Dyson equation in a box of radius Rbox =
40fm reproduces the experimental energies after renormaliza-
tion (NFT)res clothing). In other words, the deviation from
theoretical output and experiment to be minimized is
χ2 = (˜s1/2 − exps1/2 )2 + (˜p1/2 − expp1/2 )2 + (˜d5/2 − expd5/2 )2
+(0.15 × (˜p3/2 − expp3/2 ))2 + (0.01 × (β2VWS RWS − 119))2,(4)
where we have also introduced the value of β2VWS RWS = 119
MeV fm derived from the experimental analysis of proton in-
elastic scattering used by [2] We have normalized the differ-
ences between theory and experiment, so that a similar rela-
tive error for the various quantities has a similar impact on the
value of χ2. We have also required that the admixture of the
2+ phonon in the wave function of the dressed 1/2+, 1/2− and
5/2+ states is larger than 10%. The central term of the result-
ing Saxon -Woods potential and the associated effective mass
are shown in Figs. 1, where they are compared with the corre-
sponding quantities obtained from a Hartree-Fock calculation
with the SGII interaction.
Calculation of the single-particle energies and spectroscopic
factors
The matrix elements of the self-energy matrix Σi,k(E) be-
tween a pair of single-particle states of 11Be labeled i ≡
{ni, li, ji} ,k ≡ {nk, lk, jk} and of energies (i, k > F) is written
as,
Σi,k(E) = δli,lkδ ji, jk [δni,nknil j + Σ
pair
i,k (E) + Σ
sur f
i,k (E)], (5)
where the contribution associated with the coupling to surface
vibrations is given by
Σ
sur f
i,k (E) =
∑
λ,n,c,c>F
h(i, cλn)h(k, cλn)
E − (c + ~ωλ,n) +
∑
λ,n,c,c<F
h(i, cλn)h(k, cλn)
E − (c − ~ωλ,n)
(6)
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FIG. 1. The central potential (top panel) and the effective mass (bot-
tom panel) calculated with the fitted Saxon-Woods potential are com-
pared to the corresponding quantities obtained from a Hartree-Fock
calculation with the SGII Skyrme interaction.
and that associated with the coupling to pair vibration by
Σ
pair
i,k (E) =
∑
λ,n,c,c>F
h(i, c0−)h(k, c0(−))
E + (c − ~ωrem) . (7)
The sum is taken over the phonons λ, n and over a set of
intermediate states c ≡ {nclc jc}. The matrix elements con-
necting single-particle level a ≡ {nl j} with an intermediate
particle-phonon state bλ (surface), or c0(−) (pair) are denoted
by h(i, cλn) and h(i, c0(−))
We include in the calculations particle states of angular mo-
mentum s1/2, p1/2 and d5/2 up to an energy cut off Ecut = 25
MeV. We include a single hole state, namely the 1p3/2 orbital.
The self-energy matrix is diagonalized separately for each l, j,
on an energy mesh, and the resulting eigenvalues ˜l j are a so-
lution of the Dyson equation,
∑
k[Σik(˜l j) × xl jk ] = ˜l jxl ji .
Each solution has a single-particle component and a collec-
tive component. Denoting the eigenvectors by xl ji ( normalised
so that
∑
i(x
l j
i )
2 = 1) , the single-particle component is written
as
φ˜l j(r) =
∑
i
xl ji φnil j(r), (8)
7while the collective part associated with particle-phonon con-
figurations c, λn is given by
φ˜collλ,n,lc jc (r) =
∑
nc
Rcoll(c,λn)l jφnclc jc (r), (9)
where Rcoll(c,λn)l j =
∑
i x
l j
i
h(i,cλn)
E−(c+~ωλ,n) for c > F and R
coll
(c,λn)l j
=∑
i x
l j
i
h(i,cλn)
E−(c−~ωλ,n) for c < F . The square of the single particle
component of the dressed state is then given by
a2l j =
1
1 +
∑
c,λ,n(Rcoll(c,λn)l j )
2
(10)
while the admixture of the solution with the c, λn configura-
tion is given by
a2(c,λn)l j =
(Rcoll(c,λn)l j )
2
1 +
∑
c,λ,n(Rcoll(c,λn)l j )
2
(11)
The above solution provides the first term of the series
of rainbow diagrams dressing the single-particle states, tak-
ing into account the effect of many -phonon configurations.
Higher order terms can be generated iterating the solution self-
consistently [3]. We have not attempted to perform such a
calculation in the present paper, but employ empirical renor-
malisation, choosing the single-particle intermediate states so
as to reproduce the (low-lying) experimental energies, and
eventually the outcome of the clothing process, i.e. ˜l j and
φ˜l j. In other words, the solution of the Dyson equation will
be acceptable only if the single-particle component of the so-
lution is in agreement with the input used for the interme-
diate basis, a requirement imposing a severe self-consistent
condition to our diagonalization process. In the calculations
we have added a correction to the energy of the intermediate
particle-phonon configurations, to correct for Pauli principle
violation associated with many-phonon states (anharmonici-
ties, see Fig. 1(IV) of the main text), implicitly considered in
the empirical renormalization. Such corrections are particu-
larly important in the case of the renormalization of the d5/2
states, because of the conspicuous coupling to the s1/2 ⊗ 2+
configuration.
The 2s1/2 orbital is not bound in our initial bare potential.
As a consequence, if we use the same basis for the asymp-
totic and the intermediate states, the coupling matrix element
will be small due to the poor overlap in the corresponding
radial wavefunctions. Iterating the diagonalization, the s1/2
state eventually becomes bound, acquiring in the process a
collective component of the type d5/2 ⊗ 2+. At the same time,
5/2+ states will acquire both a bound collective component
through the coupling with the s1/2 ⊗ 2+ configuration and a
localized (resonant) single-particle wave function due to the
mixing of the various continuum states. For economy, these
processes are taken into account within the framework of em-
pirical renormalization using a (intermediate) s1/2 state bound
by 0.5 MeV as in experiment, and verifying that this value
coincides with the energy ˜1/2+ of the final dressed |1˜/2+ >
state.
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FIG. 2. (a) 5/2+ (NFT)ren phase shifts as a function of energy. (b)
d5/2 phase shifts calculated with the bare potential.
The renormalised 5/2+ phase shift, displaying a resonance
at Eres = 1.23 MeV of width Γ = 160 keV, are shown in Fig. 2,
where they are compared wit the phase shifts calculated with
the bare potential, displaying a broad resonance at E = 6.5
MeV.
Bubble overcounting
Freely summing over intermediate particle ⊗ phonon con-
figurations when evaluating the self-energy diagrams, leads as
a rule to some overcounting, since phonons are linear combi-
nations of particle-hole configurations (see Fig.3)
Such overcounting can be cured subtracting the over-
counted bubble diagram from the particle-phonon (RPA se-
ries) calculation. In the present case, such overcounting is
small (a few per cent, smaller than our global theoretical ac-
curacy). In fact, the low lying 2+ phonon, which is by far
the most relevant phonon in our calculations, is constructed
mostly out of particle-hole transitions between single-particle
states of negative parity (1p−13/2 holes; p1/2 (mainly), p3/2 (very
little), f7/2 and f5/2 (negligibly) particles) and marginally by
particle-hole transitions of positive parity (1s−11/2 holes, d5/2
and d3/2 particles). As a consequence, when evaluating the
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FIG. 3. The diagram at the right contains the same intermediate con-
figuration as that of the left one. If antisymmetrised two-body matrix
elements are used, these two diagrams are identical.
(positive parity) self-energies of the s1/2 and d5/2 states, the in-
termediate p⊗2+ configuration involves particle states of pos-
itive parity, and overcounting is produced only by the small
positive parity particle-hole components of the 2+ phonon (see
Figs. 4). On the other hand when evaluating the (negative
parity) p1/2 self-energy no overcounting arises since only one
p3/2 hole contributes and no involved summation can lead to
overcounting (see Figs. 4).
2s1/2
n'd5/2
np1/2 1p-13/2
2+
2s1/2
1p1/2
1p1/2
2+
1p1/2
1p-13/2
1p-13/2
FIG. 4. (left) Main p’-h’ configuration renormalizing the 2s1/2 state.
Summing over the number of nodes n and n′ does not lead to double
counting, in keeping with the different parity and angular momentum
of the d5/2 and p1/2 states. An identical reasoning applies to the 5/2+
states. (right) Main p’-h’ configuration renormalizing the 2p1/2 state.
In this case only the 1p−13/2 hole state is taken into account, and no
overcounting is possible.
Anharmonic effects
An important point concerns anharmonic effects in many-
phonon configurations, associated with the Pauli principle,
which are not taken into account in the rainbow series. They
are particularly relevant in the present case due to the low
angular moment of the single-particle states involved in the
calculation. The intermediate configurations d˜5/2 ⊗ 2+ and
s˜1/2 ⊗ 2+ implicitly contain a 2-phonon component and this
involves an anharmonic effect associated with violation of the
Pauli principle. In NFT the Pauli principle is restored by the
so called butterfly diagram (and associated ones, see [4], Eqs.
(28-35)), which takes into account the fermion exchange be-
tween the microscopic p-h structures of the involved phonons.
We have not calculated in detail the diagram but we have es-
timated the associated correction by performing a RPA cal-
culation blocking the relevant p-h transitions. This is an ap-
proximate method which coincides with the exact evaluation
of the butterfly diagram in the two-level model. We obtain
an increase of the energy of the two-phonon configuration of
2.7 MeV and a reduction of the deformation β2 parameter of
about 30%. The influence of these changes on the empirical-
particle-phonon configurations energy depends on how much
two-phonon weight they carry, which in turn is an output of
our calculations. A consistent calculation leads to an increase
of 2.4 MeV for the d5/2 ⊗2+ configuration and of 1.2 MeV for
the s1/2 ⊗ 2+ one. The difference between these two correc-
tions reflects the fact that the calculated 2+ phonon admixture
in the dressed 5/2+ state (50%) is about twice the value ob-
tained for the 1/2+ state (20%). The d˜5/2 ⊗ 2+ and s˜1/2 ⊗ 2+
configurations corrected for the Pauli principle are those en-
tering diagrams (I)(a) and (III)(a) and (b) of Fig. 1 of the main
text (see Fig. (IV) for the corresponding corrections).
Calculation of the dipole matrix element
The measured value of the transition strength associated
with the dipole transition between the first excited state and
the ground state of 11Be is B(E1) = 0.102±0.02 e2 fm2 = 0.32
W.U. [5] (1 W.U. = 1/4pi(3/4)2(1.2A1/3)2 = 0.3188 e2fm2).
The transition strength is defined as
B(E1; Ii → I f ) = 12Ii + 1 | < I f ||iM(E1)||I1 > |
2 (12)
The leading contribution for the 1/2+ → 1/2− transition is
obtained calculating the transition between the single-particle
part of the renormalised wave functions, weighted with the
appropriate single-particle factor and multiplied by the recoil
effective charge ee f f = −eZ/A = −4e/11:
B(E1; Ii → I f ) =
e2e f f
2Ii + 1
a21/2+ a
2
1/2− |M0|2 (13)
where
M0 ≡< 1/2−||iM(E1)||1/2+ >=
√
3
2pi
−1√
3
I(E1) = −
√
1
2pi
I(E1),
(14)
with I(E1) =
∫
drψ˜1/2+ (r)rψ˜1/2−(r). The amplitudes are equal
to a21/2+ = 0.83 and a
2
1/2− = 0.81 (Figs. 1 of the main text ,
Eqs.(1) and (2), upper box) Numerically we find I(E1) ≈ 5
fm, and then obtain the zero-order result
B(E1; 1/2+ → 1/2−) ≈ 16
121
1
2
0.67
1
2pi
25 e2fm2 = 0.17e2fm2.
(15)
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Figure 9: Main processes contributing to the dipole transition between the first excited state
and the ground state of 11Be.
20
FIG. 5. Main processes contributing to the dipole transition between the first excited state and the ground state of 11Be. The vertex correction
associated with the low-lying 1− strength (incipient GDPR) is estimated to be small.
One has to consider, however, that one expects other impor-
tant contributions from many-body processes. The two time
orderings associated with the most important ones are shown
in the right part of Figs. 5. They interfere in a destructive way
with the leading contribution, leading to
B(E1; Ii → I f ) =
e2e f f
2Ii + 1
a21/2+ a
2
1/2− |M0 + M1(a) + M1(b)|2 =
16
121
1
2
0.66 |
√
1
2pi
× 5 − 0.25 − 0.19|2 e2fm2 = 0.11 e2fm2.
(16)
We remark that the usual depletion of the low-lying E1
strength by the giant resonance is not very effective in the
present case, due to the poor overlap between the halo neu-
tron single-particle states and those of the nucleons of the core
(see [6],[7] p.2 and App. A,B; see also [8] ). In fact, it can be
estimated that the contribution of the giant dipole polarisation
diagram is much smaller than the bare M(E1) diagram due
to the halo character of the wave functions, and that it also
much smaller than the second order quadrupole polarisation
corrections due to the smaller deformation parameter of the
GDR compared to quadrupole mode, and to its much larger
excitation energy.
Calculation of the charge radius
An estimate of the difference between the value of the
charge radius in 11Be and 10Be can be obtained by consid-
ering that the dressed 1˜/2+ wave function has a s1/2 single-
particle part with amplitude a1˜/2+ =
√
0.83 and a collective
part dominated by the admixture with the lowest 2+ vibration
of amplitude a(d5/2+⊗2+)1/2+ =
√
0.17. The contribution to the
square charge radius due to the single-particle part is due to
core recoil:
(a1˜/2+ )
2
< r2 >10Be +
< r2 >1/2s1/211
2
 (17)
The contribution of the collective part is instead given by
a2(d5/2+⊗2+)1/2+
< r2 >10Be (1 + 24piβ2) +
< r2 >
1/2
d5/2,coll
11

2 ,
(18)
where we have used the fact that the radius of the nucleus in its
2+ state (first excited state of a harmonic oscillator) is a factor
(1 + 24piβ
2) larger than in its ground state, while the neutron
in the (d5/2+ ⊗ 2+)1/2+ state is described by the wave function
ψd5/2,coll. One then obtains
< r2 >11Be=< r
2 >10Be +(a1/2+ )2
< r2 >1/2s1/211
2 +
a2(d5/2+⊗2+)1/2+
< r2 >10Be 2β24pi +
< r2 >
1/2
d5/2,coll
11

2 . (19)
Introducing the values < r2 >10Be= 5.57 f m2, (a1/2+ )2 =
0.83, a2(d5/2+⊗2+)1/2+ = 0.17, β2 = 1.2, < r
2 >1/2s1/2= 7.1 fm and
< r2 >1/2d5/2,coll= 3 fm one obtains < r
2 >11Be = 5.57 + 0.83 ×
0.42 + 0.17 × (1.27 + 0.07) = 6.15 fm2, and (< r2 >10Be)1/2 =
2.48 fm, to be compared with the experimental value 2.46 fm
± 0.015 [9].
Coupled equations
An approximate solution of the Schro¨dinger equation
HΨa = EΨa for the wave function of the clothed odd nucleon
can be expressed as
Ψa = [φ˜la ja ,+[φ˜
coll
lb jbλ, ·Γ†λ] ja − ¯˜φla ja ,−[ ¯˜φDlc jcλ · Γλ] ja ]ΦAGS (20)
where ΦAGS denotes the ground state of the nucleus of even
mass number A (containing the correlations needed so that it
is the vacuum of the different elementary modes of excitation
used as a basis to describe 11Be (i.e. a j|ΦAGS >= Γnλ|ΦAGS >=
0), Γ†λ denotes a general creation operator of a vibrational state
(phonon), calculated using e.g. RPA,
10
φ˜la ja = R
x/rla jaΘla ja (21)
creates a particle in la, ja,
[φ˜colllb jbλ · Γ†λ] ja = (RCbλ(r)/r)[Θ jb · Γ†λ] ja (22)
creates a particle-phonon state coupled to ja and parity (−1)la ,
¯˜φla ja = (R
y
la ja
/r)Θla ja (23)
annihilates a hole in la, ja and
[ ¯˜φlc jcλ · Γλ] ja = (RDcλ(r)/r)[Θ jc · Γλ] ja , (24)
annihilates a hole-phonon coupled to ja and parity (−1)la ,
where the radial wavefunctions Rxa and R
C
bλ must be expanded
over a set of single-particle states (HF) lying above the Fermi
energy:
Rxa(r) =
∑
i
xai RHFai (r) , R
C
bλ(r) =
∑
i
Rcollbi,λR
HF
bi (r); ai , bi > F
(25)
while Rya and RDcλ must be expanded over the occupied states:
Rya(r) =
∑
i
yai RHFai (r) , R
D
cλ(r) =
∑
i
Rcollci,λR
HF
ci (r); ai , ci < F .
(26)
The radial wave function RDcλ(r) accounts for the proper an-
tisymmetrization of the RPA ground state. In fact the RPA
ground state contains 2p-2h configurations, what implies that
the odd particle will find states inhibited by the Pauli princi-
ple also above F . Reciprocally the Ry wave accounts for the
possibilty that the impinging particle will find available states
below F .
It can be shown that the radial wave functions satisfy the
coupled equations
[− ~
2
2m
∂2
∂r2
+ Va(r) + 0~ω]Rxa(r) + Ξa,bλ(−rdV/dr)RCbλ(r)
−Ξa,cλ(−rdV/dr)RDcλ(r) = ERxa(r)
Ξa,bλ(−rdV/dr)Rxa(r) + [−
~2
2m
∂2
∂r2
+ Vb(r) + 1~ω]RCbλ(r)
−Ξa,bλ(−rdV/dr)Rya(r) = ERCbλ(r)
Ξa,bλ(−rdV/dr)RCbλ(r) − [−
~2
2m
∂2
∂r2
+ Va(r) + 0~ω]R
y
a(r)
+Ξa,cλ(−rdV/dr)RDcλ(r) = −ERya(r)
Ξa,cλ(−rdV/dr)Rxa(r) − [−
~2
2m
∂2
∂r2
+ Vc(r) − 1~ω]RDcλ(r)
+Ξa,cλ(−rdV/dr)Rya(r) = −ERDcλ(r) (27)
where
Va(r) = V(r) + Vls(r) + Vcent(r) (28)
and
Ξa,bλ = 〈Θ jama
∑
λµ
βλYλµ[Γ
†
λµ + (−1)µΓλµ][Θ jb ·Φλ] jama〉 (29)
The conditions (25) and (26) imply that these equations
must be solved using projection techniques.
Calculation of the absolute differential cross sections
The calculations of the angular distribution of the reac-
tion 10Be(d,p)11Be(Jpif ) have been performed in the post rep-
resentation for the final bound states Jpif = 1/2
+ and 1/2−
while the prior representation has been adopted for the un-
bound state 5/2+, to ensure a rapid convergence. The trans-
fer form factor is obtained from the single-particle component
of the many-body wave function. In the case of the 5/2+ fi-
nal state, the 10Be-n potential V10Be−n is also required. We
have approximated V10Be−n with the bare Saxon-Woods po-
tential of increased depth (bringing it to VWS = - 90 MeV),
so that the associated d5/2 elastic phase shift displays a res-
onance for E ≈ 1.20 MeV. The angular distribution is ob-
tained by summing the cross sections associated with each of
the 5/2+ eigenstates calculated in a given box and lying in the
region of the resonance (discretized continuum). Convergence
is obtained for boxes of the order of 40 fm. We note that the
cross section associated with each individual peak of energy
En approximately represents the value of the cross section in-
tegrated over an energy interval lying between (En−1 + En)/2
and (En + En+1)/2. In order to compute the energy distribution
0.5 1 1.5 2
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0
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FIG. 6. The theoretical absolute double differential cross section cal-
culated for the reaction 10Be(d,p)11Be populating the 5/2+ state at θcm
= 6.3o is shown by the solid line. The dashed line shows the result of
convoluting this curve with a Gaussian curve of FWHM = 220 keV
(estimated experimental resolution).
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d2σ/dEdΩ for a given value of θ on a sufficiently fine energy
mesh, we have adopted a continuum energy distribution with
a Voigt shape, fitting the parameters so that the integrals of the
distribution best reproduce the values obtained in the different
boxes in the appropriate intervals. We have folded the the-
oretical calculation with a gaussian curve of FWHM = 220
keV, representing the experimental resolution, estimated from
the width of the peaks of the discrete states (cf. Fig. 6). We
note that the experimental cross sections contain a background
caused by the other partial waves, that we have not considered
in our present calculation. Finally, we have also calculated the
angular distribution associated with the one-nucleon transfer
reaction 11Be(p,d)10Be populating the 2+ state in 10Be in the
post representation, making use of the collective part RCd5/2,2+
of the initial 1/2+ state in 11Be (see Sect. 4).
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